Objective To model the cost-effectiveness in Uganda of combination antiretroviral therapy (ART) to prevent mother-to-child transmission of human immunodeficiency virus (HIV).
Introduction
The mother-to-child transmission of human immunodeficiency virus (HIV) poses a substantial risk in sub-Saharan Africa. 1 There are approximately 12 million HIV-positive women of childbearing age in sub-Saharan Africa 2 who every year account for an estimated 1.4 million pregnancies at risk of MTCT. 3 In Uganda, a country with the second highest fertility rate in the world (6.7 children per woman), approximately 91 000 infants are born annually to HIV-positive women. Only 51.6% of these women receive any intervention for the prevention of mother-tochild transmission (PMTCT), although the corresponding target coverage set by the General
Assembly of the United Nations is 80%. 2, 4, 5 In 2009, mother-to-child transmission accounted for approximately 24% of the 110 000 new HIV infections that occurred in Uganda.
2,4
Of the Ugandan women who received any antiretroviral drug for PMTCT in 2009, 58%
received single-dose nevirapine, 25% received dual therapy with zidovudine and lamivudine and the remaining 17% received combination antiretroviral therapy (ART). 4 In the PMTCT guidelines that were published by the World Health Organization (WHO) in 2010, two programmatic options (A and B) are outlined. In Option B, all pregnant women found to have fewer than 350 CD4+ T-lymphocytes per mm 3 are offered lifelong ART from week 14 of gestation. For women with higher CD4+ cell counts, it is recommended that ART be discontinued at the end of breastfeeding. 6 In 2011, Uganda adopted Option B, and all Ugandan health facilities are expected to follow this protocol once adequate resources are made available. 7 No published studies have evaluated the cost-effectiveness of lifelong ART for PMTCT.
In the present study, mathematical models were used to evaluate: (i) the cost-effectiveness of ART for PMTCT in Uganda relative to that of other antiretroviral strategies for PMTCT; (ii) the implications of lifelong ART for eligible women from the standpoint of health economics; and (iii) the cost-effectiveness of increasing access to ART for PMTCT.
Methods
We developed a decision-based analytical model from the perspective of the Ugandan national health system. Four PMTCT alternatives (ART, single-dose nevirapine, dual therapy or no treatment) were evaluated at the decision point. The model included one chance event node that was populated according to estimates of the transmission risk associated with each PMTCT alternative. The only clinical outcome included in the model was mother-to-child transmission of HIV. Estimates of the disability-adjusted life years (DALYs) associated with one case of motherto-child transmission were based on the HIV-attributable reduction in life expectancy plus standard disability weights for HIV infection and acquired immunodeficiency syndrome (AIDS).
Estimates of the treatment costs for single-dose nevirapine and dual therapy included only the costs of drug acquisition; any potential costs for physician visits or laboratory examinations were excluded. For ART, however, we included both the costs of drug acquisition and the costs associated with regular physician and laboratory follow-ups. In the comparison of ART with no treatment, we assumed that incremental resources (e.g. overhead and capital costs needed to provide extra health-care facilities and equipment) would be required to make ART available to the currently untreated populations. Based on the differences in the probability of mother-to-child transmission with each treatment alternative, we calculated the treatment-related cost offsets arising from the need to provide health-care services to fewer HIV-positive infants in the future.
Two mathematical models (1a and 1b) were explored in an initial analysis and two more (2a and 2b) were investigated in a second analysis. In Model 1a we evaluated the costeffectiveness of an 18-month course of ART (relative to that of single-dose nevirapine or dual therapy for 7 weeks in women who already have access to drugs for PMTCT). In Model 1b we evaluated the cost-effectiveness of lifelong ART (again, relative to that of single-dose nevirapine or dual therapy, and on the assumption that all subsequent pregnancies would be treated with the same regimen). Since we modelled ART relative to other drug interventions, we assumed that no additional resources would be required to deliver ART drugs and maintenance services (i.e. to populations already accessing single-dose nevirapine or dual therapy), although we also challenged this assumption in sensitivity analyses.
The second analysis evaluated the impact of increasing ART access for HIV-positive pregnant women, either for 18 months (Model 2a) or for life (Model 2b). We compared ART with no treatment in women currently without access to any PMTCT therapies due to lack of drugs, lack of local health-care centres or lack of knowledge of HIV infection. 4 Annual incremental overhead and capital costs needed to overcome these barriers were applied in both models. 8 As the estimates of these costs were uncertain, we also conducted break-even analyses to evaluate the cost level at which ART would cease to be highly cost-effective (relative to no treatment). Selected inputs were varied in one-way sensitivity analyses and all calculations were performed using Microsoft Excel 2007 (Redmond, United States of America).
Cost inputs
The model inputs, the assumptions that were made and the calculations that were used are described in Table 1 . All costs are expressed in 2011 United States dollars (US$). Drug costs came from the Ugandan Medical Access database (UNAIDS Drug Access Initiative). 12 The ART regimen investigated was a combination of zidovudine and lamivudine with either efavirenz or nevirapine. 7, 13 In the first analysis, the total annual cost associated with ART was US$ 328.77
per patient. In the second analysis (i.e. Models 2a and 2b), additional overhead and capital costs, estimated at US$ 141 per patient per year, were included. 8 These additional costs raised the total annual cost of ART to US$ 469.77 per patient.
The per-patient drug costs of single-dose nevirapine, dual therapy and no treatment were estimated to be US$ 0.06, US$ 15.63 and zero, respectively. The costs of any health-care delivery and related services for single-dose nevirapine were assumed to be the same as those for the dual therapy. As discussed above, various non-drug-related health-care costs, such as those associated with physician visits, laboratory follow-up and other medication, are included in the total cost of ART but not in the total costs of the alternative strategies (Table 1) .
Cost offsets included treatment costs for the proportion of HIV-infected children reported to be receiving ART in Uganda (18%). 2 For each child receiving ART, the discounted lifetime cost of ART was estimated to be US$ 3808. For each of the remaining HIV-positive children in
Uganda, who are assumed to have no current access to ART, a lifetime treatment cost of US$ 495 was estimated. 11 As access to ART may increase in future, the proportion of HIV-positive children receiving ART was varied from 0% to 100% in sensitivity analyses, to see how this proportion affected the apparent cost-effectiveness of ART.
Clinical inputs
The cumulative probability of mother-to-child transmission (including transmission during breastfeeding) associated with each of the treatment strategies investigated is shown in Table 1 .
We assumed breastfeeding would last for 20.4 months, as this is the mean duration observed in a Ugandan study. 14 Without any PMTCT intervention, the probability of mother-to-child transmission was estimated at 40.0%. 15, 16 Single-dose nevirapine and dual therapy reduce this estimate to 25.8% 10 and 17.4%, 17 respectively. We used a mean mother-to-child transmission rate of 3.8% (range, 1.8-6.1%) for 12 months of ART (corresponding to the duration of ART outlined in Option B). 13, 18 These probabilities were applied uniformly in the models.
For HIV-negative neonates, we used the statistical life expectancy at birth in Uganda (Table 1) . 1 For HIV-positive neonates receiving ART, mean life expectancy at birth (14.23 years) was calculated from published annual survival statistics in ART-treated Ugandan children. 19 Untreated HIV-positive neonates were assumed to live a mean of 2 years, based on pooled mortality data from several African studies. 20 For women with CD4+ cell counts of < 350 cells/mm 3 at the time of ART initiation, life expectancy was assumed to be 19.3 years, based on survival estimates derived from an African model. 21 The mean Ugandan national fertility rate of 6.7 children per woman was reduced by 33%, to 4.49 children per woman, to account for the relatively lower fertility observed among HIV-positive women. 22 We used disability weights of 0.123 for each year lived with HIV infection and 0.505 for the last year of life with AIDS. 23 All costs and benefits were discounted at 3% annually.
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Patient adherence
Sensitivity analyses were conducted to explore the impact of adherence on our 18-month estimates. We assumed that the MTCT rate of 3.8% for 12 months of ART applied only to women who were completely adherent. The reported relationship between patient adherence and sustained viral loads of < 400 ribonucleic acid (RNA) copies per ml 25 of blood plasma was used to estimate the higher transmission probabilities for women with less than perfect adherence. We conservatively assumed that the probability of mother-to-child transmission for a woman on ART reverted to the value for untreated women (40%) when the woman's viral load was > 400
RNA copies per ml. We also assumed that the costs of acquiring the drugs for ART would be positively correlated with adherence levels and that the level of adherence to dual therapy would be the same as that of adherence to ART.
Results
Cost-effectiveness of 18 months of ART
The results of modelling 18 months of ART are displayed in 
Sensitivity analyses
We varied selected model inputs in one-way sensitivity analyses ( 
Discussion
This appears to be the first published study to evaluate the cost-effectiveness of lifelong ART for PMTCT. We evaluated the cost-effectiveness of antiretroviral regimens for PMTCT in the Ugandan context. The Uganda's GDP in 2009 amounted to US$ 490 per capita. 27 According to the WHO, a health intervention in a developing country can be considered cost-effective and highly cost-effective if it costs, per DALY averted, less than three times the annual per-capita GDP and less than this product, respectively. 28 In terms of these thresholds, ART for 18 months appears to be a highly cost-effective strategy for PMTCT compared with either of the other regimens that are widely used for PMTCT in Uganda.
Our models also indicate that ART is highly cost-effective when given over the mother's remaining life (although this conclusion is sensitive to the assumed effectiveness of dual therapy). Furthermore, expanding access to ART to those eligible women who are currently untreated also appears to be cost-effective. (relative to no treatment). 29 In Nigeria, short-course ART initiated between weeks 14 and 24 of gestation and discontinued 6 weeks after delivery resulted in a cost per DALY averted of US$ 113 (relative to dual therapy during pregnancy and a single dose of nevirapine at delivery). 11 However, our work extends these findings by evaluating the impacts of a longer duration of breastfeeding, patient adherence and lifelong treatment on the relative costeffectiveness of ART for PMTCT.
In sub-Saharan Africa, where alternatives to breast milk are often unaffordable or unavailable, approximately half of mother-to-child HIV transmission occurs during breastfeeding. 30 The incorporation of a 12-month breastfeeding period is a strength of our study not seen in the earlier Malawian and Nigerian models, which only considered breastfeeding for up to 6 months and 6 weeks, respectively. The cost-effectiveness of lifelong ART also depends on the number of future childbirths per woman. Although high fertility rates are common in subSaharan African countries, only four such countries have currently attained the 80% target for PMTCT coverage. 31 Our finding that lifelong ART is highly cost-effective in Uganda may be generalizable to most countries in sub-Saharan Africa.
The programmatic implementation of Option B requires human and material resources.
Given existing resource constraints, Uganda plans to transition all of its PMTCT sites to the Option B strategy in a phased manner. 7 At sites where this transition has not yet occurred, the Ugandan health service recommends use of the Option A strategy. In Option A, pregnant women with CD4+ cell counts > 350 cells per mm 3 are given zidovudine daily from week 14 of gestation; zidovudine, lamivudine and single-dose nevirapine at delivery, and then dual therapy (zidovudine plus lamivudine) for the next 7 days. 6, 7 Since Option A is less expensive than Option B, cost-effectiveness studies evaluating both options should be conducted. Presently, ART is available in 109 of 122 district hospitals in Uganda. The midwives and other health-care workers who are currently providing single-dose nevirapine or dual therapy in these hospitals could be Publication: Bulletin of the World Health Organization; Type: Research Article ID: BLT.11.095430 trained to initiate ART, follow up patients on ART and link patients to local and national programmes for HIV treatment and control. 4, 32 The present study has several limitations. Our estimates of mother-to-child transmission under each of the four strategies investigated were derived from the results of multiple trials rather than one randomized trial. Between-study differences in demographics and study design could therefore have influenced our results. We also applied a constant transmission probability to each PMTCT strategy, but it is possible that the risk of mother-to-child transmission varies according to the clinical stage of the maternal HIV infection. Also, pregnant women in Uganda often access antenatal care only after the fifth month of their pregnances 14 and ART may be less effective when initiated during the late stages of gestation. For ART, we assumed that the maternal HIV infection was always diagnosed in the first pregnancy, but some HIV-positive women already have children before their HIV infection is detected. The mean number of pregnancies after the diagnosis of HIV infection may therefore be lower than our estimate.
We were unable to incorporate ART adherence into our lifetime model because there are insufficient data available on the relationship between long-term adherence and virological failure or, ultimately, mother-to-child transmission. As our results for 18 months of ART proved sensitive to the level of adherence, it is likely that lifelong ART would be even more sensitive to this parameter. Also, we assumed that all HIV-negative children have similar life expectancies, whereas those born to HIV-positive mothers may have relatively high mortality rates. 20 Despite these limitations, our estimates of the cost-effectiveness of ART are likely to be conservative. Among HIV-positive individuals, the costs of additional health care are likely to be lower for those on ART because ART improves immune function, thereby reducing the risk of opportunistic infections. 33 Moreover, our models excluded the benefits of ART on maternal life expectancy. 21 Importantly, a recent randomized trial (HPTN052) reported a 96% reduction in horizontal HIV-1 transmission as the result of ART, 34 corroborating some earlier observations. 35, 36 Consequently, the true economic value of lifelong ART includes benefits not only for the mother and child but also for any uninfected sexual partners of the mother.
Conclusion
The measures proposed in Option B of the guidelines for PMTCT published by WHO in 2010 appear highly cost-effective in Uganda (relative to other current therapies for PMTCT) and Note: Tornado diagrams showing the incremental ICER for combination antiretroviral therapy (ART) relative to singledose nevirapine (sdNVP), dual therapy or no treatment, as derived from one-way sensitivity analyses of several key parameters. The parameters investigated included the annual cost of ART, with the base case value set either at US$ 328.77 (AC1) or US$ 469.77 (AC2) per patient and the analysis exploring values of US$ 250-750 and US$ 250-1000 per patient, respectively. The lifetime cost of ART for a child infected with human immunodeficiency virus (HIV), LC1, was varied between US$ 638 and US$ 8514, with a base case value of US$ 3808, while the lifetime cost of care for an untreated HIV-positive child, LC2, was varied between zero and US$ 1485 (base case: US$ 495). The ART treatment rate in HIV-positive children (TR; base case: 18%; range: 0-100%), the effectiveness of ART (CE; base case: 3.8%; range: 1.8-6.1%), dual therapy (DE; base case: 17.4%; range: 7.5-21.0%) and sdNVP (NE; base case: 25.8%; range 13.1-38.5%), the annual discount rate (DR; base case: 3%; range: 0-6%) and the fertility rate among HIV-positive women (FR; base case: 4.49 children per woman; range: 4.02-5.00) were also explored. Note: The values plotted are the modelled incremental costs of 18 months of ART, relative to single-dose nevirapine (sdNVP), dual therapy or no treatment. In the models employed, adherence at ≤ 50%, 60%, 70%, 80%, 90% and 100% leads to mother-to-child transmission rates of 21.9%, 18.3%, 14.7%, 11.0%, 7.4% and 3.8%, respectively.
